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Abstract

Spatially closely associated gabbros and eclogites of central Zambia represent relics of subducted oceanic crust in a suture

zone. The eclogites, which formed at 630–690 8C and 2.6–2.8 GPa, yield Lu–Hf ages between 607F14 and 659F14 Ma,

suggesting that subduction was active for at least 24 Myr. The trace element- and isotope compositions of the gabbros and

eclogites range from those of incompatible-element depleted gabbros from the lower oceanic crust to those of enriched

ocean–island basalts. Several eclogites display a large fractionation of the light rare earth elements from heavy rare earth- and

high field strength elements, an effect that cannot be of magmatic origin but must have resulted from the passage of fluids

through the rocks during metamorphism. In some samples, fluid pathways are marked by veins of eclogite facies minerals.

Garnet-whole rock ages based on the Sm–Nd (relatively mobile) and Lu–Hf (relatively immobile) systems are identical,

consistent with light rare earth elements being fractionated during eclogitization. Modeling using fluid–mineral partition

coefficients suggests that the fractionated rocks have reacted with an amount of fluid equal up to 80% of their mass. The

most likely source for such a large volume of fluid is the serpentinized lithospheric mantle of the subducting slab. The

Zambian eclogites and their veins represent relict fluid pathways through subducted oceanic crust and provide direct

evidence for channelized fluid flow and element transport within a slab. The transformation of dry, metastable slab gabbros

to eclogites upon fluid-infiltration, accompanied by the transport of fluid-mobile elements, could be responsible for

generating the slab component in arc magmas.
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1. Introduction

The dehydration of subducting oceanic lithosphere

is one of the main processes currently producing

element fractionation within the Earth. Fluids released

by dehydration trigger metamorphism within subduc-

tion zones (e.g., eclogite formation [1–3]), and magma

generation in the overlying mantle wedge (e.g., [4,5]).

Many workers have postulated fluid flow out of

subducting slabs to explain the characteristic enrich-

ment of fluid-mobile elements relative to fluid-

immobile elements in magmatic rocks from conver-

gent margins [6,7]. To better understand the origin of

this arc signature, knowledge about (1) the fluid–rock

interactions within the subducting slab and (2) the fluid

flux into the mantle wedge is required. The rocks of

subducting slabs transform to high-pressure (HP)/low-

temperature (LT) metamorphic rocks (e.g., basaltic

rocks transform to eclogites). Thus, the occurrence of

eclogites having compositions similar to those of mid-

ocean ridge basalts (MORB) indicates specific plate-

tectonic processes that lead to the completion of a

Wilson cycle [8]. However, trace element signatures,

which are used to identify specific geologic settings in

which the eclogite precursors formed, are often

obscured by metamorphism, including the gabbro-to-

eclogite transformation process itself. Low-temper-

ature metamorphism is mainly controlled by the

presence of fluids, which catalyze the mineral–

chemical reactions and transports elements (e.g., [2]).

Consequently, only relatively fluid-immobile trace

elements, such as the rare earth elements (REE) and

high field strength elements (HFSE), can be applied to

reconstruct compositions of the basaltic and gabbroic

precursors (e.g., [8–10]). However, several studies

have shown that the light-REE (LREE) are mobilized

during HP/LT metamorphism [11–13], casting doubt

on their usefulness for determining protolith compo-

sitions. Moreover, fractionation of the LREE by fluids

may disturb Sm–Nd ages if the fluid flow took place

significantly later than metamorphism.

This study focuses on the geochemistry of Zambian

eclogites and associated gabbros, which are interpreted

to be relics of a fossil subducted slab [8]. Within these

rocks, gradual stages of prograde gabbro-to-eclogite

transformation are preserved by disequilibrium tex-

tures of incomplete reactions. The main processes that

transformed the Zambian gabbros to eclogites are fluid-
controlled dissolution, transport, and precipitation

[3,14], demonstrating the importance of fluid–rock

interaction in low-T environments. Because the Zam-

bian eclogites and gabbros are cogenetic and belonged

to the same subducted plate [3,8], they provide an

exceptional opportunity to study the influence of fluid-

induced metamorphic processes on the bulk geo-

chemistry of subducting gabbroic rocks. Our goals

are (1) to investigate the mobility of trace elements

during eclogitization, and (2) to date themetamorphism

and element transport in the Zambian eclogites using

combined Lu–Hf and Sm–Nd isotope systematics.
2. Geologic setting and sample characterization

The Zambian eclogites occur within the Zambezi

Belt, which is part of a Pan-African orogenic system

between the Congo and Kalahari Cratons (Fig. 1).

These Pan-African belts are interpreted to have formed

during the break-up of Rodinia and the assembly of

Gondwana [15,16]. Subduction and thus eclogite facies

metamorphism (630–690 8C and 2.6–2.8 GPa [3])

occurred during the convergence of the Kalahari and

the Congo cratons until ca. 600 Ma [8], whereas the

peak metamorphism during the subsequent continental

collision reached the HP amphibolite facies at ca. 530

Ma (e.g., [15,17,18]). Detailed descriptions of the

geologic setting, rock textures, and mineral chemistry

of the Zambian eclogites are given elsewhere [3,8,19]

and will be only briefly summarized here. The

eclogites, together with metagabbros, gabbros, and

rare ultramafic rocks, form isolated hills of 10 to 100 m

in diameter within a 200-km long by up to 40-km wide

zone along the central axis of the Zambezi Belt (Fig. 1).

No contacts between the eclogites and the other mafic

rocks or the country rocks are exposed. This area is

interpreted to be part of a late Precambrian suture zone,

with the mafic rocks being relics of the subducted

gabbroic part of the lower oceanic crust. The mafic

rocks and their present country rocks were juxtaposed

during continental collision, 70Myr after subduction of

oceanic lithosphere ceased.

Along with fully equilibrated eclogites, the sample

suite also includes partially eclogitized rocks that

contain magmatic pyroxene relics and disequilibrium

textures indicative of incomplete reactions. In such

rocks, complete eclogitization occurred only in mm-



Fig. 1. Simplified geological map of central Zambia after Thieme [56] showing sample locations. Eclogite (Fgabbro) occurrences are indicated

by open stars and bold sample numbers; gabbro-only occurrences are indicated by filled stars and italic sample numbers. Symbols next to

sample numbers indicate the chemical groups found at each locality.
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to cm-sized volumes. We refer to all plagioclase-free

samples that have at least some domains of the critical

assemblage garnet+omphacite as eclogites. Though

equilibrium was apparently reached within these small

domains, disequilibrium on a larger scale is implied

by the presence of kyanite in Al-poor (MORB-like)

eclogites [3]. Eclogites that were not pervasively

deformed typically preserve features of their original

gabbroic texture, with eclogite facies minerals pseu-

domorphically replacing plagioclase and pyroxene.

Textures of the deformed eclogites range from sheared

porphyroclastic to porphyroblastic. No evidence for

prograde blueschist- or amphibolite facies mineral

assemblages was found. Instead, the pseudomorphic

replacement of plagioclase by fine-grained inter-

growths of omphacite, garnet, kyanite, and quartz

strongly suggests that the gabbroic precursors were

eclogitized directly without any significant interven-

ing metamorphic reactions. Eclogitization was cata-

lyzed by a channelized fluid flow that formed veins of

eclogite facies minerals [3]. The spatial proximity of

the Zambian eclogites and the gabbros, their similar

trace element patterns and Nd isotope compositions,

and the presence of relict magmatic minerals and
gabbroic textures of the eclogites, all suggest that the

gabbros and eclogites are cogenetic and followed

similar pressure–temperature–time (P–T–t) paths,

i.e., both were subducted to eclogite facies conditions

and then rapidly exhumed before delicate HP inter-

growth textures could re-equilibrate at lower P–T

conditions [3,8]. The degree of eclogitization in each

sample depended on the availability of reaction-

catalyzing fluids: Full eclogitization occurred only if

sufficient fluid was available during the entire reaction

interval, whereas partial eclogitization resulted if the

fluid left the system before the reactions were

complete. Gabbros remained unreacted under fluid-

absent conditions.
3. Analytical methods

Thirty-four eclogite and 13 gabbro/metagabbro

samples from 21 localities were chosen for major and

trace element analyses (Supplementary Table 1).

Eleven samples were also analyzed for their Sm–Nd

and Lu–Hf isotopic compositions. Whole rocks were

crushed with a steel jaw crusher and then powdered in
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an agate mill. Garnet separates from three localities

were prepared using a steel jaw crusher, disk mill,

magnetic separator, and handpicking. To remove

surface contamination, garnets were washed for 10

min in cold 1 M HCl, and rinsed with distilled water.

Major elements were analyzed with a Philips 1400

XRF spectrometer at Kiel University (Supplementary

Table 1). Trace elements were analyzed by first

dissolving the samples using a lithium borate fusion

procedure, then measuring after the method described

by Garbe-Schfnberg [20] using an upgraded Plasma-

quad PQ1 ICP-MS (Kiel). Analyses of standards

measured together with the samples indicate that the

precision and accuracy of the trace element concen-

trations are better than 5%.

The Lu–Hf and Sm–Nd analyses were carried out at

the Zentrallabor fqr Geochronologie in Mqnster. All
samples were spiked with mixed 180Hf–176Lu and
149Sm–150Nd tracers before digestion with HF–HNO3–

HClO4 in steel-jacketed Teflon bombs at 180 8C.
Chemical separation procedures for Lu–Hf and Sm–Nd

follow those of [21–23]. Lutetium and Hf were

analyzed in static mode on the Micromass Isoprobe

(Mqnster), whereas most Sm and Nd analyses were

measured on the VG Sector 54 mass spectrometer

(Mqnster) using static and dynamic modes, respec-

tively. Hafnium and Nd isotope ratios were corrected

for mass bias using 179Hf/177Hf=0.7325, and
146Nd/144Nd=0.7219, and the exponential law.

Admixed Re was used to apply an external mass bias

correction to the Lu isotope dilution measurements.

Measured 176Hf/177Hf and 143Nd/144Nd values are

reported relative to 176Hf/177Hf=0.282163 for the

Mqnster Ames Hf standard (isotopically indistinguish-

able from JMC-475), and 143Nd/144Nd=0.511858 for

the La Jolla Nd standard. Procedural blanks for Lu, Hf,

Sm, and Nd were b20, b30, b50, and b200 pg,

respectively. Calculated ages and initial isotope com-

positions are based on the decay constants k176Lu=
1.865�10�11 year�1 [24], and k147Sm=6.54�10�12

year�1 [25] and references therein. The chondritic

uniform reservoir (CHUR) parameters used for calcu-

lating initial eHf and eNd values are 176Hf/177Hf=

0.282772 [26], 176Lu/177Hf=0.0332 [26], 143Nd/
144Nd=0.512638 ([27] recalculated with updated oxy-

gen isotope data [28] and using 146Nd/144Nd=0.7219 to

correct for mass fractionation), and 147Sm/144Nd=

0.1967 [27].
4. Results

4.1. Major and trace elements

All samples have basaltic compositions with 45–52

wt.% SiO2 and together, they display tholeiitic differ-

entiation trends, with Fe- and Ti-enrichment in the early

stages of fractionation. Distinguishing among the

possible upper mantle settings in which the tholeiitic

basalts may have been generated, e.g., ocean floor

spreading axes, island arcs, or mantle plumes, requires

further characterization using trace elements. On the

basis of their chondrite-normalized REE and MORB-

normalized trace element patterns, the mafic rocks of

central Zambia were divided into three groups: The first

has LREE-depleted patterns, the second has unusual

REE patterns with large variations in LREE concen-

trations, and the third is LREE-enriched (Fig. 2).

Group I includes 19 samples from 12 localities

spread across the whole study area (Fig. 1; Supple-

mentary Table 1). Their (La/Sm)N ratios of b1 are

similar to those of average normal MORB (N-

MORB), and their heavy REE (HREE) concentrations

are 7 to 30 times chondritic values (Fig. 2a). The trace

element patterns of some Group I samples are

comparable to those of recent MORBs (Fig. 2b),

whereas other samples are as highly depleted as the

basalts from the Garrett Fracture Zone in the SE

Pacific [29]. Some samples have a slightly negative

Eu anomaly (Fig. 2a).

Group II consists only of eclogites (n=21) from 11

localities (Supplementary Table 1, Fig. 1), whereas the

other groups contain both gabbro and eclogite

samples. The characteristic feature of Group II is an

unusual decoupling of LREE (La to Gd) from the

HREE and HFSE. Most samples in this group are

LREE-depleted (=Group II-D, Fig. 2c), yielding dsT-
shaped REE patterns, while four samples from local-

ities Z143, 140, and 310 display LREE enrichments

up to 30 times chondritic (=Group II-E, Fig. 3).

Importantly, the MORB-normalized trace element

patterns (Fig. 2d) indicate that only the LREE vary,

whereas the HREE, together with the HFSE, Th, and

P, which bracket the LREE in terms of relative mantle

compatibility, occur in N-MORB-like concentrations.

For example, the most extreme samples show about a

seven-fold depletion of La, Ce, and Nd relative to Nb

and P, resulting in large negative LREE anomalies.



Fig. 2. (a, c, and e) Chondrite-normalized REE variation diagrams [57] for eclogites, gabbros, and metagabbros. (b, d, and f) Trace element

variation plots, normalized to MORB [48] ( P value from [58]). Some Group II patterns were omitted for clarity.
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Group III comprises seven samples from three

localities (Supplementary Table 1; Fig. 1). The

chondrite-normalized REE patterns are smooth and

have (La/Sm)N ratios N1, reflecting moderate LREE

enrichment (10–40�chondrite) relative to that of the

HREE (5–9�chondrite, Fig. 2e).

4.2. Lu–Hf and Sm–Nd isotope systematics and

chronology

The Lu–Hf and Sm–Nd isotope compositions of

five Group I gabbros and six eclogites from Groups I

and II were analyzed (Supplementary Table 2). The

LREE fractionation effects on Sm/Nd ratios in the
Zambian eclogites are evident when compared to

modern basalt compositions on a plot of 176Lu/177Hf

vs. 147Sm/144Nd (Fig. 4a), which has been used

elsewhere to screen metabasites for altered samples

[30]. Whereas Group I samples generally resemble the

modern basalts, most Group II-D eclogites have

higher Sm/Nd than basalts for any given Lu/Hf ratio.

Group III samples lie within the field of ocean island

basalts (OIB) or enriched MORB (Fig. 4a).

A 0.72F0.10 Ga Sm–Nd isochron (n=7,

M.S.W.D.=1.1) defined by most Groups I and II

gabbros and eclogites was interpreted to date the

crystallization of the igneous precursors of these rocks

[8]. The whole rock Lu–Hf data are consistent with



Fig. 3. Chondrite-normalized REE variation diagram [57] for

eclogites from locality Z143 compared to N-MORB. Fluids have

either depleted or enriched the samples in LREE relative to N-

MORB. These depleted and enriched rocks represent sources and

sinks, respectively, for fluid-mobilized elements.

Fig. 4. (a) 176Lu/177Hf vs. 147Sm/144Nd of the Zambian eclogites

and gabbros. Data are shown with generalized fields for modern

basalts. Black dots mark samples for which Lu–Hf and Sm–Nd

isotopic measurements were made; concentrations of these

elements were measured by isotope dilution. MORB and OIB

fields are based on the online databases http://georoc.mpch-mainz

gwdg.de, and http://petdb.ldeo.columbia.edu/petdb/ as well as data

sources listed in Fig. 2 of [59]. (b) Hf–Nd isotope compositions of

the Zambian eclogites and gabbros at 720 Ma relative to the

terrestrial Hf–Nd mantle array. MORB and OIB fields are based

on data from [60,61] and references therein. The positions of the

fields were approximated by calculating Hf and Nd isotope

compositions at 720 Ma assuming 176Lu/177Hf and 147Sm/144Nd

ratios of ~0.039 and ~0.22, respectively, for their mantle sources

Bulk Silicate Earth (BSE) is assumed to be chondritic with respec

to Lu–Hf and Sm–Nd.
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the Sm–Nd results, yielding a 0.68F0.19 Ga error-

chron (M.S.W.D.=6.4, Model 3) but with excess

scatter that we ascribe to heterogeneity in initial
176Hf/177Hf. The strongly positive initial eHf (+9.9 to

+14.7) and eNd (+5.6 to +7.9) of Groups I and II

(Supplementary Table 2) indicate that their precursors

were derived by melting ancient depleted mantle.

Furthermore, these samples cluster tightly within the

estimated MORB field (Fig. 4b) at 0.72 Ga, with the

Group I eclogites being isotopically indistinguishable

from the Group I gabbros, which, in conjunction with

spatial relationships, and textural and chemical

evidence, firmly establishes that the precursors of

the gabbros and eclogites were cogenetic.

One Group II eclogite (Z309-5) has a Hf–Nd

isotopic composition within the range of the Group I

rocks, whereas two others (Z143-8, Z135-2) have

distinctly lower eNd(t) than all other samples (i.e.,

+5.6 and +5.9). It is not clear whether these outliers

are due to different source characteristics or the result

of open-system behavior during the fluid-controlled

LREE depletion. As reasoned below, the depletion

probably occurred either during or before the gabbro-

to-eclogite conversion.

Garnets from four Group II eclogites were

analyzed to compare the internal isochron system-

atics of Lu–Hf and Sm–Nd systems. The garnet

ages of the Lu–Hf (Fig. 5) and Sm–Nd [8] systems

range from 595 to 672 Ma. Importantly, for the

three samples where both types of ages were

obtained, the ages agree (Z309-5: Sm–Nd, 595F
10 Ma, Lu–Hf, 607F14 Ma; Z143-8: Sm–Nd,
638F61 Ma, Lu–Hf, 619F9 Ma; Z135-2 Sm–Nd

672F14, MSWD 0.019, this study, Lu–Hf Grt-

omph 659F14 Ma). Because petrographic evidence

implies that the first metamorphic reactions in these

rocks occurred under eclogite facies conditions [3],

we interpret these concordant ages to date garnet
.

.

t
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Fig. 5. Lu–Hf Grt–WR isochrons for Zambezi Belt eclogites.

Samples Z310-2 and Z135-2 are plotted on a different scale than the

other samples. Errors on 176Lu/177Hf and 176Hf/177Hf used in

regressions are 0.2% and 2 S.E. internal run statistics �2.3 (~2 S.D.

external reproducibility) except for Z310-2 grt 2, and Z135 Grt 1

and 2 and Omp 1 and 2, where uncertainties for 176Lu/177Hf are

~1% because these samples were digested in SavillexR vials on a

hotplate rather than in bombs. The Z135-2 regression includes the

omphacites, but not the WR because it lies significantly off the

isochron. We believe this is due to an inherited Hf component in the

WR, presumably hosted by zircon or rutile, that did not equilibrate

with Grt and Omph during metamorphism. The uncertainties of

initial 176Hf/177Hf compositions (i) are 2 S.D. in the last digits.

Regressions were calculated after [62].
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growth during the fluid-triggered eclogitization.

Given that Sm and Nd were more mobile than Lu

and Hf in the Group II rocks, we consider the Lu–

Hf chronometer to be more robust against disturb-

ance by fluid infiltration in this case. The close

agreement between Lu–Hf and Sm–Nd ages is

therefore consistent with a scenario in which the

fluid influx that caused up to seven-fold LREE

depletions in the Group II samples occurred during

eclogitization.
 
 
 

Fig. 6. Plot of Hf/Yb vs. Nb/Zr showing that the rocks of the Groups

I and II resemble East Pacific Rise (EPR) MORB. In contrast, the

Group III rocks are bimodal and they either follow an enriched

plume influenced MORB trend that can be extrapolated from the

EPR trend, or they follow an OIB trend, indicated by higher Hf/Yb

ratios that are suggestive of residual garnet in the source.
5. Discussion

5.1. Immobile trace element ratios: constraints on the

mantle source and melting

The petrology and MORB-like REE and HFSE

compositions of the Group I eclogites and gabbros

suggest that they were part of a subducted oceanic

plate (Figs. 2 and 3). Both Group I gabbros and
eclogites lie in the MORB field in incompatible

element ratio diagrams (Figs. 4 and 6), and we

therefore conclude that their precursor rocks formed

at an oceanic spreading axis. Most samples lie on the

trend of East Pacific Rise (EPR) MORB in a diagram

of Hf/Yb vs. Nb/Zr (Fig. 6), implying that the

observed variations within Group I are due to

magmatic processes. The most depleted rocks were

probably derived from a highly depleted mantle

source or by high degrees of partial melting of

depleted spinel peridotite. The negative Eu anomalies

in Group I samples may be due to plagioclase

fractionation. Similar anomalies are observed in the

isotropic gabbro section of oceanic crust, whereas

gabbros from the layered cumulate part display

positive Eu anomalies due to plagioclase accumu-

lation [31]. Consequently, the depleted MORB-type

gabbroic rocks of Group I most likely represent

former non-cumulate gabbros from lower oceanic

crust that was subducted at ca. 0.6 Ga.

The LREE contents of the Group II eclogites are

decoupled from those of the HREE and HFSE, which

are present in concentrations similar to those of Group

I samples (Fig. 2). Furthermore, both groups have

similar positive initial Nd and Hf isotope composi-

tions and similar Hf/Yb and Nb/Zr ratios (Figs. 4 and

6). We conclude that the magmatic precursors of



Fig. 7. (a) Plot of Nb/La vs. (La/Sm)N after John et al. [8]

suggesting an origin of the mafic rocks of central Zambia at a mid-

ocean ridge environment combined with the formation of rare ocean

island basalts. (b) The high Nb/La ratios of some of the group II-D

samples are out of the magmatic range and are the result of the fluid-

induced eclogitization of these rocks.
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Groups I and II were derived from similar depleted

upper mantle sources but that the LREE compositions

of the Group II samples have been disturbed.

Magmatic processes alone do not decouple the LREE

from the HREE and HFSE (Fig. 4). Instead, the

observed fractionation in the Group II eclogites must

have occurred during reaction of the rocks with an

aqueous fluid. For example, both LREE-enriched and

depleted eclogites occur at location Z143 and their

complementary LREE patterns suggest that parts of

this eclogite locality acted as sources—and others as

sinks—for LREE (Fig. 3). The fluid-immobile ele-

ments Ta, P, Hf, and Ti behave similarly to the LREE

during magmatic processes (i.e., partial melting and

crystal fractionation) and were therefore used as

bracketing elements to estimate the pre-depletion

LREE concentrations (indicated with an asterisk,

e.g., Ce*) of the Group II rocks in the same manner

that Eu* is calculated from Sm and Gd. The similarity

between the Group II LREE* concentrations and

those of the depleted Group I LREE is consistent with

a magmatic genesis of the two groups on a mid-

oceanic ridge. High initial eNd and eHf values and the

595–659 Ma Sm–Nd and Lu–Hf ages suggest that

Groups I and II were derived from a long-term

depleted-mantle source and were subducted during a

long-lived convergence in the Neoproterozoic. The

petrologic evidence suggests that the rocks were

subducted unmetamorphosed, with metastable mineral

assemblages, to depths of N90 km, where fluid

infiltration led to partial eclogitization of the middle

oceanic crust [3]. The similarity of the initial Group II

Nd isotope composition to that of the Group I rocks

suggests that the fluid affecting the rocks must have

had a comparable Nd isotopic composition to the

basaltic and gabbroic protoliths.

In contrast to Groups I and II, the enriched rocks of

Group III are more heterogeneous, with samples from

localities Z140 and Z141 having significantly higher

Hf/Yb for a given Nb/Zr compared to the Z145

samples (Fig. 6). Enriched precursor magmas may

have been derived from an enriched source or by low

degrees of partial melting in the mantle [32]. Though

assimilation of continental crust could also generate

enriched compositions, such assimilation by the

Group III precursor magmas is unlikely because the

samples lack strong LREE enrichment at constant

HREE (i.e., [Tb/Lu]Nc1) and negative Nb and Eu
anomalies (Fig. 2). Rather, the high OIB-like Nb

contents (Fig. 7a) and the low HREE contents

(b10�chondritic) of these rocks suggest their basaltic

precursors formed by either low-degree partial melt-

ing of a spinel peridotite or melting of a garnet-

bearing mantle source. For example, 5–15% partial

melting of garnet peridotite could produce the

observed range of (La/Lu)N for the Group III samples,

with lower degrees of partial melting resulting in

higher (La/Lu)N [33]. On the basis of their occurrence

together with the MORB-like Group I and II samples

and the lack of evidence for assimilated continental

crust, we suggest that the Group III precursor rocks
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were OIBs or enriched MORBs, and therefore parts of

the oceanic lithosphere. Group III rocks only occur in

a small part of the study area (Fig. 1) and most likely

shared the same subduction and exhumation history,

regardless of whether they were transformed to

eclogites or not [3].

5.2. Mobile trace elements: constraints on fluid–rock

interaction

During basalt genesis, parent/daughter ratios of the

Lu–Hf and Sm–Nd systems are fractionated in the

same sense, resulting in a strongly correlated array for

basaltic lavas (Fig. 4a). Deviations from this array

indicate post-magmatic element mobility. While such

mobility was insignificant in the Group I rocks, most

Group II-D samples show strongly increased Sm/Nd

ratios due to LREE depletion by aqueous fluids.

Likewise, samples from Groups I and III plot mostly

within the fields of modern MORB and OIB in the

Nb/La vs. (La/Sm)N diagram (Fig. 7a), whereas many

Group II samples show La mobility relative to Nb and

lie either below (Group II-E; Fig. 7a) or above the

magmatic trends (Group II-D; Fig. 7b). Uranium is

highly fluid-mobile in oxidizing environments and the

average U/Nb ratio of MORB and OIB is constant at

about 0.02 [34]. Most Zambian gabbros fall close to

this ratio, consistent with very little reaction of these

rocks with an aqueous fluid (Fig. 8). On the other
 
 
 

Fig. 8. Plot of U/Nb vs. Nb/Zr. All rocks having U/Nb ratios

different than those of ocean basalts (e.g., EPR) [34] are eclogites.

In contrast, all gabbros and only some eclogites have ratios similar

to EPR.
hand, with the exception of one gabbro (Z138-10), all

samples that plot outside the ocean basalt range (e.g.,

EPR) are eclogites, indicating a significant enrichment

or, more rarely, depletion of U relative to Nb. In

contrast, the unmetamorphosed gabbros retained their

original U/Nb values. We conclude that the eclogite

facies fluid–rock interaction fractionated the LREE as

well as U and Th from the HFSE and HREE (Figs. 2

and 8). The gabbro-to-eclogite transformation is

characterized by dissolution of the magmatic mineral

assemblage by the infiltrating aqueous fluid and

precipitation of the metamorphic mineral phases from

this fluid. This implies that all elements were in

solution and in equilibrium with the fluid, at least in

subdomains [3] and hence, the additional uranium and

thorium were probably incorporated into newly

formed rutile and zircon.

Whereas most Group II samples were LREE-

depleted by fluid infiltration during eclogitization,

many are enriched in the more fluid-mobile elements,

e.g., Rb and Ba, relative toMORB (Fig. 2), perhaps due

to a second fluid infiltration during exhumation and

retrograde metamorphism. Indeed, two fluid infiltra-

tion events can be resolved using Ce/Pb vs. 1/Pb

relationships (Fig. 9). All samples except one have Ce/

Pb lower than most MORB and OIB (i.e., 25F5 [34])

implying alteration of the Ce/Pb by fluid(s). As

previously outlined, fluid infiltration triggered the

eclogitization of the two types of precursor basalts:

depleted MORB and enriched MORB or OIB (end-

members IV and IIIV, respectively, in Fig. 9). This first

fluid also redistributed the LREEs in some of the

MORBs, producing LREE-depleted and LREE-

enriched eclogites (endmembers II-DV and II-EV,
respectively, in Fig. 9). None of these endmember

compositions is observed in the sample set. Instead, the

samples define linear trends that fan out from the origin

in Fig. 9 toward the endmembers of their respective

groups, with the trends of Groups II-E and III being

essentially identical because both are derived from

enriched endmembers. The overall pattern is consistent

with the passage of a second fluid that added Pb to

rocks of all four groups, while leaving Ce concen-

trations relatively undisturbed (i.e., Ce/Ce* of Groups I

and III do not vary as a function of Pb content).We infer

that the second fluid was Pb-rich and probably derived

from the dissolution of metasediments. Infiltration of

the eclogites and gabbros by such a fluid most likely



 

 
 
 
 
 

 
 
 
 

Fig. 9. Ce/Pb vs. 1/Pb showing two separate fluid-infiltration

events. The first fluid is related to the eclogitization and the LREE-

fractionation of Group II rocks, while the second fluid was Pb-rich

and affected all samples, eclogites and gabbros, in that such that all

samples lie on the Pb-rich ends of trends leading to the pre-second

fluid endmembers of their corresponding groups (IV, II-DV, II-EV,
IIIV). Average MORB value is from [34]. (Note: the exact positions

of endmembers II-EV and II-DV along the trends are unconstrained

because the effect of the first fluid on Pb has been masked by the

second fluid infiltration. Positions shown are for illustration

purposes only.)
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occurred during exhumation in the subduction channel

or during the later continental collision, and may be

related to the amphibolitization or scapolitization that

affected some samples. It is important to note that such

retrograde reactions cannot be solely responsible for

producing the LREE depletion and enrichment of the

Group II rocks because (1) not all fluid-affected

samples show late-stage amphibolitization, (2) gabbros

that are amphibolitized do not show enrichment or

depletion of the LREE by fluids, (3) all rocks in which

the LREE were mobilized by fluids are eclogites, and

(4) several eclogites are strongly depleted in LILE,

implying no significant late stage fluid–rock interac-

tion. Consequently, the remainder of the discussion

focuses on the origin of the first fluid, which triggered

eclogitization.

5.3. The composition of the fluid

The depletion of the LREE by fluids in the Group

II rocks may have been possible because of the

absence of epidote minerals, especially allanite, which

usually act as sinks for these elements (e.g., [35,36]).
Prograde epidote minerals were only observed within

a fluid infiltration vein found in one eclogite of Group

II-E (Z310-4). It is noteworthy, however, that pro-

grade epidote minerals, which should have been stable

under the given P–T conditions, in a water-saturated,

Al-rich basaltic system [37], are absent in all other

eclogites. The lack of epidote minerals might be due

to a reduced water-activity, low oxygen-fugacity of

the infiltrating fluid, or the bulk composition of the

subdomains in which the eclogitization took place [3].

Evidence for variable salinities of the infiltrating

fluids was found in the form of variable Cl-contents

of apatites, amphiboles, and phengites of different

samples [3]. It is possible that a high Cl-activity only

allows, in addition to the growth of Cl-rich apatite, the

growth of rare Cl-bearing phengites and amphiboles,

mineral groups that retain only minor amounts of

LREE (e.g., [38]) and are found at only a few

localities in the study area. A hydrous, Cl-bearing

fluid for the whole Zambian suite is consistent with

fluid inclusion studies that have found aqueous fluids

of variable salinity and minor N2 and CO2 contents in

a broad range of eclogite facies rocks [39,40].

5.4. Fluid–rock interaction modeling

John and Schenk [3] hypothesized that all of the

rocks in the present study had been subducted, but

gabbros only transformed to eclogites if they were

infiltrated by fluid under eclogite facies conditions.

Thus the eclogites and their veins represent relict fluid

pathways through the subducted oceanic crust. The

volume of fluid involved in eclogitization provides a

key constraint for determining the fluid’s source. We

used the equations of Nabelek [41], together with

fluid–rock partition coefficients (Supplementary Table

3) to estimate the amount of fluid that reacted with a

gabbroic precursor to generate the observed chemical

variations among the Group II eclogites. In this

model, successive, infinitesimal fluid fractions infil-

trate a metastable gabbro of MORB-like bulk compo-

sition under eclogite facies conditions and each fluid

fraction fully reacts with the rock before leaving the

system. We use partition coefficients for pure H2O

because (1) fluid inclusions in eclogites derived from

oceanic crust have variable but usually low-salinities

(in contrast to eclogitic high-salinity fluids of sub-

duction zones in which also continental crust was
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subducted) [42], (2) the effect of Cl on partition

coefficients remains controversial [43–45] and (3) at

eclogite facies conditions, aqueous fluids are strongly

dissociated such that H2O dominates their chemical

properties [42,46].

Stalder et al. [44] showed experimentally that the

internal trace element fractionation increases with

decreasing temperature at high pressures, such that the

contrast in partitioning behavior between highly

incompatible elements (e.g., LREE) and the moder-

ately incompatible elements (e.g., HREE) increases.

In Fig. 10, Ce and Zr represent the LREE and HFSE,

respectively. Although the HFSE are slightly mobile

over short distances, e.g., during vein formation in

eclogites [47], the lack of Zr fractionation relative to

average MORB in these rocks suggests that the

concentrations of Zr and most likely the other HFSE

have not been affected by fluid (Supplementary Table

1, Figs. 2 and 4). Most of the HFSE content of

eclogites may reside within rutile and zircon (e.g.,

[44]) and therefore the HFSE are not readily

mobilized by fluids when these minerals are stable.

For modeling fluid–rock ratios, we used Zr, an HFSE,

as an immobile element against which the fluid-
 
 
 
 

Fig. 10. Ce/Zr vs. Nb/Zr showing fluid–rock ratio modelling. Ce

represents the fractionated LREE while Zr and Nb (both HFSE) are

fluid-immobile reference elements. The model scale bar indicates

the fluid–rock ratio needed to reproduce either the measured LREE

enrichment or depletion from a gabbroic precursor. For a detailed

description of the model, see text. Average MORB value is from

[34]. The initial Ce/Zr ratios for the fluid–rock ratio modeling (i.e.,

fluid–rock ratio of 0) of depletion and enrichment differ (0.11 and

0.08, respectively) due to using different sample compositions. For

clarity, only the initial Ce/Zr of the depletion calculation is shown.
mobile Ce is referenced. Calculated Ce* for the Group

2 eclogites are used as estimates of the initial Ce

contents of their gabbroic precursors. Model Ce/Zr

ratios resulting from depletion at different fluid–rock

ratios are indicated on the scale bar drawn among

Group II-D samples in Fig. 10. For the initial gabbro

composition we used a Ce*/Zr ratio of 0.11 (from

Z139-6; Ce* is the model pre-fluid infiltration Ce

content calculated from the elements TaN and PN as

outlined above), which is consistent with the average

N-MORB Ce/Zr (ca. 0.12 [48]). Because apatite

occurs mostly in veins and might not be in equili-

brium with the host rock, we considered only garnet,

omphacite, and rutile when modeling fluid–rock

ratios. Applying the D-values for 1000 8C and 5.0

GPa [44] (Supplementary Table 3) requires more than

80% fluid relative to the mass of the affected rock to

produce the most depleted compositions (Fig. 10).

However, the Zambian eclogites formed at 600–690

8C and 2.6–2.8 GPa, i.e., at much lower P and T than

in the experiments of Stalder et al. [44]. For this

reason, we also present fluid–rock ratios based on

significantly higher D-values, which would be more

realistic at those P–T conditions (R. Stalder, pers.

comm.; Supplementary Table 3). In this case, less

fluid is required, but still ca. 20% of the rock mass.

We consider this amount to be a firm minimum

because substituting the pure H2O fluid with one that

initially contained trace amounts of LREE (e.g., 2

ppm Ce) before interacting with the rock would

increase the amount of fluid required to deplete the

rocks to 110% and 21%, respectively. Furthermore,

we assumed that Zr-contents remained constant

throughout the continuous fluid–rock interaction;

any leaching of Zr from the real rock samples by

the fluid would lead to an underestimation of the

fluid–rock ratio.

The LREE-enriched samples from localities Z143,

Z140, and Z310 were modeled assuming that a fluid,

which had previously scavenged LREE, infiltrated a

pristine metastable gabbro (e.g., Z143-1, Ce*/

Zr=0.08). Using this evolved fluid (Ce=26.5 ppm

with literature D-values or 113 ppm with pers. comm.

D-values, respectively) and the same mineral assem-

blage as in the depletion calculations, it is impossible

to reproduce the observed Ce enrichments in the

Group II-E rocks. To develop such high LREE

enrichments, these rocks would have to contain at
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least one additional mineral that could act as a LREE

sink. Electron microprobe element mapping of Ce in

our samples revealed that LREE-bearing minerals

such as allanite, the most prominent carrier of REEs in

eclogites [35,36] are absent in the Zambian rocks and

that prograde epidote minerals are found in only one

Group II-E sample (Z310-4). However, apatite, which

is part of the vein- or matrix assemblages [3], may

dominate the LREE reservoirs in eclogites if epidote

minerals are absent [35,38]. If 1.5% apatite is included

in the model assemblage, the amount of fluid that

must have reacted with a pristine gabbro to form the

Group II fluid-enriched rocks would have been ca.

170% and N21%, using partition coefficients from

Stalder et al. [44] and Stalder, pers. comm., respec-

tively. Although the LREE enrichment process seems

to be straightforward for epidote-bearing Z310-4

sample, it is more difficult to explain for other

samples, especially those from locality Z143, where

no clear petrologic indicators were found that could

explain why some samples are enriched while the

others are depleted.

The modeling is consistent with the decoupling of

LREE from the HREE and HFSE being due to a large

fluid flux through the system. Using all trace elements

for modeling, the resulting trace element patterns of

the fluid are similar to those of Stalder et al. [44] (their

Fig. 9), with the exception of the HREE, which were

mobilized in their model because they used rutile and

clinopyroxene, but not garnet. The HREE and HFSE

are relatively immobile if garnet, rutile, and zircon are

prograde minerals, which is indicated for the Zambian

rocks by tiny (b5 Am) rutile and zircon inclusions in

garnet. However, for the Zambian eclogites omphacite

is the main carrier of LREE and its affinity for the

LREE may not be high enough to prevent leaching by

aqueous fluids. In contrast to the mechanisms respon-

sible for LREE-leaching, those behind the LREE-

scavaging process are poorly understood and difficult

to explain with the observed mineral assemblages

(Z310-4 is an exception). However, the large volumes

of fluid that infiltrated the metastable mineral assemb-

lages of the mafic rocks reacted only for short time

periods and, in some cases only within small, scattered

subdomains of the affected rocks, with large portions

of the rocks never reaching equilibrium conditions. In

some of these subdomains, Ky-bearing garnet–ompha-

cite assemblages formed even though these MORB-
type rocks have Al-poor compositions [3]. Thus,

element transport during open-system metamorphism

may not be only governed by simple equilibrium

fluid–mineral partitioning. Instead, the element trans-

port in the subducting lithosphere appears to be largely

controlled by fluid–rock ratios. However, fluid flow

velocities, and the coupled processes of precursor

assemblage dissolution and HP assemblage precipita-

tion, which are sensitive to pressure, temperature, and

fluid chemistry, may also play a role but have not been

quantified yet.

5.5. The source of the fluid

Fluids in subduction zones may originate from

sediments, altered basaltic crust, or serpentinized

mantle. For the Zambian rocks, the first fluid

infiltrated the rocks under eclogite facies conditions

at depths N90 km [3]. By the time the slab reaches

these conditions, the oceanic crust and the sediments

have lost almost all of the water that can be released

during burial to subarc-depths (ca. 90–140 km)

[37,49]. The depletion of mobile elements in some

of the eclogites implies that the fluid must have been

strongly undersaturated in LREE and LILE. In

contrast, sediment-derived fluids would have high

LILIE and LREE concentrations and would have

significantly lowered the initial Nd isotope composi-

tions of the Zambian rocks. Likewise, fluids derived

from altered basaltic crust should also be very

enriched in LREE and LILE. Sediments and altered

basaltic crust are therefore unlikely fluid source

candidates [43]. Our estimated fluid–rock ratios

require an amount of fluid that is apparently too high

to have originated in the slab’s lower crust because the

gabbroic part of the oceanic crust is usually not

intensively altered (V30%) and contains b1.5 wt.%

H2O [37,50]. We conclude that the fluid that triggered

the eclogitization and fractionated the LREE cannot

be derived from the sediments or subducted crust,

leaving the serpentinized mantle portion of the slab as

the most likely fluid source. Schmidt and Poli [37]

calculated that serpentinization of 10% of the upper 5

km of the mantle beneath the oceanic crust leads to

approximately twice the amount of water in this part

of the slab than exists in the entire overlying section of

oceanic crust. This serpentinized mantle would start to

dehydrate at depths greater than 100 km (e.g. [49]),



Fig. 11. MORB-normalized patterns of dtypicalT arc tholeiite [63] (a
and Zambian eclogite (Z139-6) (b) show that several of the elements

in the slab component of arc magmas have been removed from the

Zambian eclogites by fluids. The LREE are highlighted.
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necessitating the rapid transport of fluids over several

kilometers within the slab to the site of eclogitization,

which in turn implies that the fluid flow is channel-

ized, most likely along fractures.

5.6. Fluid pathways and fluid transport into the

mantle wedge

Our proposed fluid source requires several-kilo-

meter long distances of fluid transport, i.e., from

serpentinized lithospheric mantle upwards through the

entire subducting crust, rather than the meter-scale or

even shorter distance transport suggested for other HP

subduction zone rocks [40,51]. These authors pro-

posed that the channels of fluid escape from the slab

to the mantle wedge may not have been identified yet.

This could be because the HP veins described so far

represent locally buffered dehydration and transport

veins (e.g., [52]) that are merely tributaries to the main

pathways. These pathways may have formed along

reactivated fracture zones [53], where faulting is

facilitated by high fluid pore pressures, which

decrease friction [54]. Evidence for the existence of

slab fluid flow caused by such hydrofracturing has

been found in the blueschist of the Tianshan [52].

The dehydration of a slab is a continuous process

that starts at 10–20 km and persists to depths greater

than 300 km (e.g., [37]). According to the model of

Gerya et al. [55], slab fluids released at depths up to 100

km hydrate part of the overlying wedge, forming a

subduction channel consisting of serpentinized mantle.

These shallow slab fluids may become trapped in the

subduction channel, unable to reach the region were arc

magmas are generated in the mantle wedge. In contrast,

fluids released from the dehydration of serpentinized

slab-mantle enter the wedge at depths greater than 100

km (e.g., [49]) and therefore probably are not trapped

within the subduction channel. However, these fluids

must traverse the entire oceanic crustal section before

entering the mantle wedge, and they are the most likely

catalysts for the gabbro-to-eclogite transformation and

LREE fractionation observed in the Zambezi Belt

eclogites. Fig. 11 shows that typical island arc basaltic

magmas are enriched in the LREE as well as in the

LILE relative to the immobile HFSE. Thus, these

magmas have trace element signatures that are com-

plementary to the Zambian eclogites, suggesting that

fluids that have reacted with eclogite can be responsible
)

for generating the slab component in arc magmas (Fig.

11). We conclude that the transformation of dry,

metastable slab gabbros to eclogites upon fluid-

infiltration results in large-scale fluid transport of

mobile elements to the sub-arc mantle.
6. Conclusions
(1) The magmatic precursors of the Zambezi Belt

gabbros and eclogites are cogenetic, with com-

positional variations from very depleted- to

enriched MORB as well as OIB. They represent

pieces of the gabbroic part of subducted oceanic

crust.

(2) The range of Lu–Hf garnet-whole rock ages

represented by the four dated eclogites suggest

that subduction was long-lived, at least 24 Ma.

(3) Identical Lu–Hf and Sm–Nd ages and the fact

that only eclogites were enriched or depleted in

LREE suggest that eclogitization and LREE

fractionation occurred contemporaneously.

(4) Eclogitization and LREE fractionation are due to

channelized fluid infiltration. The observed

degrees of LREE fractionation require high

fluid–rock ratios of up to 80%.
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(5) The mobility of the LREE in subduction zone

environments depends on the stability and pres-

ence ofmineral phases that incorporate the LREE.

The lack of epidote groupminerals may be caused

either by low aH2O
or low fO2

of the acting fluid

during the initial phase of eclogitization.

(6) The most likely source of the eclogitization-

triggering fluid is the serpentinized mantle

beneath subducting oceanic crust. This requires

a long distance transport (several km) through

the slab.

(7) The dehydration of the slab serpentinites,

coupled with the selective trace element mobi-

lization that occurs during gabbro-to-eclogite

transformation, may be more important for

generating the slab component of arc magmas

than the dehydration of blueschists.

(8) A second, Pb-rich fluid reacted with the gabbros

and eclogites, probably within the subduction

channel during their ascent or during the

following continental collision.
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